evaluated, population-based cohort of children from birth to 4 years of age. We assessed whether total IgE increases similarly in boys and girls and whether boys and girls are equally likely to develop and to continue production of IgE antibodies specific for common inhalant allergens.
MATERIALS AND METHODS
The data used in this analysis were collected as part of an ongoing study to evaluate the environmental determinants of allergic diseases in a population of children followed from birth. Selection of the study cohort has been previously described in detail (25) . Briefly, all women aged 18 years and older, with a prenatal appointment at one of seven clinics serving northern middle class suburbs of Detroit, Michigan, were approached for study recruitment. To be eligible, a woman had to be a member of the Health Alliance Plan health maintenance organization and have an estimated date of confinement between April 15, 1987 and August 31, 1989 , with delivery planned for one of the three hospitals serving the health maintenance organization patients. Additionally, women had to reside within an area surrounding the clinics as defined by contiguous zip codes. Research nurses recruited women during midterm prenatal visits. In the case of multiple pregnancies or births during the study period, only one child per family was eligible for study. All aspects of the study were approved by the Henry Ford Hospital Human Rights Committee and written informed consent was obtained at all appropriate times.
At delivery, a cord blood sample was obtained. The serum was separated and stored at -20°C until assay. Cord blood IgE levels were quantitated with an enzyme-linked immunoassay (ELISA) (25) . The antibody used in both the capture and detection steps was affinity-purified anti-human IgE (Kirkegaard & Perry Laboratories, Gaithersburg, Maryland).
Standard curves were constructed from appropriate dilutions of a patient serum that had been standardized against the US reference standard. The average net optical densities produced by unknown samples were converted to units of IgE (international units or IU) by calculation from the computer-fitted standard curve. Six internal standards were included with each assay run. The routine sensitivity of the assay was 0.02 IU/ml of IgE, and the average interassay coefficient of variation was 17.6 percent, which we believe to be an acceptable magnitude given that we were measuring extremely low IgE levels. Similarly, the concentration of immunoglobulin A (IgA) was measured by ELISA to evaluate possible contamination of the cord sera with maternal blood. Sera with IgA values of >39 ju,g/ml were considered potentially contaminated with maternal blood and excluded from analyses (25) .
A study nurse made home visits and obtained blood specimens at 2 and 4 years of age for IgE measurement. For these samples obtained when the infants were 2 and 4 years old, the total IgE assay was modified to reflect the higher IgE concentrations expected in the samples. The standard curve extended from 0.29 to 5.75 IU/ml and the interassay coefficient of variation was 12.8 percent.
Allergen-specific IgE concentrations were measured using a modification of a biotin-avidin amplified ELISA (26, 27) . Each allergen extract was diluted to previously determined optimum concentrations in 60 mmol/L carbonate/bicarbonate, pH 7 buffer and adsorbed overnight to plastic micro wells (Microstrips, Labsystems, Needham Heights, Massachusetts). The four allergen extracts used were dust mite {Dermato-phagoides farinae), cat, ragweed {Ambrosia artemisiifolia), and timothy grass (Pheleum pratense) (mite, ragweed, and timothy extracts, Bayer Corporation, Spokane, Washington; and cat extract, ALK Laboratories, Wallingford, Connecticut). Because serum samples were very limited and based on the assumption that the four allergens were not cross-reactive, a transfer technique was utilized to obtain maximal data. Before being added to a micro well coated with mite, each serum was diluted with an equal volume of saline and 50 /xliter were added to each well. After an overnight incubation, the dilute serum was removed from the mite extract coated well and transferred to a well coated with cat extract. After another overnight incubation, the dilute serum was transferred to a ragweed coated well, and then after another incubation to a grass coated well. After the serum had been removed, each well was processed by adding, with interspersed washes, biotin-antihuman IgE, strep avidin-alkaline phosphatase (Kirkegaard & Perry Laboratories, Gaithersburg, Maryland), and Sigma 104 phosphate substrate (Sigma Chemical, St Louis, Missouri). The resulting density was measured in a micro densitometer. The results of each serum with each allergen were expressed as ratios, calculated by dividing the density of the test serum by the density of a pool of sera from non-allergic individuals processed in the same manner. Values of >2.5 were considered positive. This value is equal to the mean of the negative serum pool plus three standard deviations of the mean (27) . In preliminary studies, the results of diluting serum 1:2 were compared with undiluted serum and minimal changes in the resulting ratios were found, in part because the level of background binding was reduced. Similarly, the results of transferring serum were compared to the results obtained when fresh aliquots of serum were added to each allergen and minimal changes in values were found.
Statistical methods
As expected, IgE values were positively skewed, indicating non-normality. To better fit the assumptions of the various statistical tests used, the IgE values were transformed using the natural logarithm transformation. Statistics were generated on the log-transformed values and were retransformed back to the original units by exponentiation. The retransformed mean is the geometric mean. A graph of the distribution of total IgE values by age was smoothed using a cubic spline method with continuous second derivatives (28) and generated using SAS/GRAPH software with the spline interpolation option (29) .
Descriptive statistics include the reference range which represents where approximately 95 percent of the observations should fall. The range was calculated as the mean plus or minus 1.96 standard deviations of the log-transformed values. The range reported was retransformed to the original units by exponentiation.
Due to sporadic difficulties in obtaining blood (resistant children or unavailability at designated time interval), complete information on IgE level was not available for all children at all time points. Therefore, we examined each pairwise comparison of interest using children with results for each pair of time points (e.g., birth and 2 years) in order to maximize the number of individuals available for each analysis. All comparisons examined were considered of primary importance a priori and the rejection level of 0.05 was used throughout. Student's t test was used to test for differences by child's gender in total IgE. We also used this test to examine the change in IgE from 2 years to 4 years and to test the difference between genders.
The percent positive for allergen-specific IgE was estimated as the number positive over the number evaluated. The specific IgE values were considered positive if their value equaled or exceeded 2.5. The category "any allergen" was defined as positive if any of the four specific IgE tests were positive (child was atopic). In contrast, if all four allergen-specific IgE tests were negative, the child was classified as nonatopic. To examine the specific IgE values for differences between genders, we used a chi-square test for differences between proportions. For changes in the percent positive to a specific allergen from 2 to 4 years, we used McNemar's test (30) . We also estimated the difference in percent positive between 2 and 4 years of age and its 95 percent confidence interval using McNemar's procedure (31) . To see if the change in allergen positivity from 2 to 4 years was different between boys and girls, a z-test was constructed using the estimates and their standard errors from McNemar's procedure.
RESULTS
Of 1,184 eligible pregnant women, 940 women (79.4 percent) were contacted and consented to participate in the study. Cord bloods were not obtained from 99 participants due to fetal loss, birth complications, change in hospital of delivery, or loss of specimen.
Those not enrolled in the study and those with missing cord blood did not differ in terms of mothers' age, fathers' age, mothers' education, and fathers' education from the 841 participants from whom cord blood was obtained (data not shown). Six additional subjects were excluded due to elevated IgA levels. For these analyses, we considered only those individuals of the remaining 835 for whom either a 2-year or a 4-year IgE level was available (n = 561 or 67 percent). Table  1 displays characteristics of the study population by availability of the follow-up IgE measurements. There were no differences in maternal age and parental education among the groups defined by varying levels of follow-up. Paternal age, while statistically different among the four groups, had a range of only 1.3 years.
Only white children were included in the analyses due to the small percentage of other ethnic groups in the study, reducing the sample size to 538 newborns. The mothers of children in the analysis had an average age of 28.9 years ± 4 years and the fathers 31.3 years ± 5 years. More than 95 percent of the parents had high school degrees, with 31.6 percent of the mothers and 44.9 percent of the fathers having a college degree. Table 2 presents the average total IgE measurements at birth, and at ages 2 years and 4 years, by gender and atopic status. Total IgE increases significantly with age from a geometric mean of 0.20 IU/ml at birth to 15.36 at 2 years and 30.17 at 4 years (p < 0.001). Figure 1 illustrates the shifts in the distributions of total IgE levels by age. While boys and girls have similar IgE levels at birth (p < 0.170) and both increase with age, IgE rose more rapidly in boys and is significantly higher in boys than in girls at both age 2 years (p < 0.002) and 4 years (p < 0.007) (table 2) . For boys, the total IgE level at 2 years and particularly at 4 years of age was lower in the non-atopic group when compared with the group of boys with at least one positive test for allergen-specific IgE. However, for girls, the total IgE among the non-atopic group was higher at age 2 years and only slightly lower at age 4 years. As with total IgE for the combined group, the reference ranges were extremely wide and the ranges for the atopic and non-atopic children substantially overlapped.
Comparing IgE levels in a longitudinal fashion among the subgroup of children with measurements at two points in time (birth and 2 years, birth and 4 years, and 2 and 4 years), and by gender, IgE was again found to significantly increase with age (p < 0.001 for each paired comparison). Table 3 presents the mean difference over the three time periods by gender in this group of children. Total IgE increased more rapidly in boys than girls between birth and 2 years of age and between birth and 4 years of age, with differences that were of borderline statistical significance. Table 4 displays the percent of children with positive IgE levels for the perennial allergens mite and cat, the seasonal allergens ragweed and timothy grass, and for a combined group of children demonstrating a positive result to any allergen. For mite, cat, ragweed, and the combination of any allergen group, the percent positive for the total cohort increased from 2 to 4 years of age. For timothy grass, the percent positive decreased from 2 to 4 years. The percent positive for boys at 4 years compared with 2 years increased for all allergen categories. The pattern was different for girls, with increases for mite (+4.0) and cat (+9.5), but decreases for ragweed (-2.1) and timothy (-4.3).
There was little difference between boys and girls at 2 years of age between the allergen categories (table 4). At 4 years of age, girls have a higher percent positivity to cat allergen (p < 0.006) and a lower positivity to ragweed {p < 0.031) and timothy (p < 0.286). Table 5 compares the paired difference over time in allergen-specific positivity for children with measurements at both 2 and 4 years, and the results are similar to those of the entire group shown in table 4. There was a statistically significant increase in percent positive to cat allergen (p < 0.004), and an increase in positivity to mite (p < 0.088), with a small increase for ragweed (p < 0.273). The percent positive to timothy decreased somewhat (p < 0.267). The percent positive for any allergen increased (p < 0.021).
Separate comparisons for boys and girls were also generally consistent with the cross-sectional analyses including all study children. The boys showed increases between 2 and 4 years of age for all but timothy, with a more dramatic increase for ragweed (p < 0.003). The girls demonstrated marked differences in positivity for each antigen, with increases for mite (p < 0.052) and cat (p < 0.009), and decreases for ragweed (p < 0.035) and timothy (p < 0.102). Comparing the pattern of change over time between boys and girls, there was a significant difference only for ragweed.
DISCUSSION
The major strength of this study is the prospective evaluation of IgE in a relatively large and populationbased sample of young children. This study design reduces the potential for the biases which may be present in some previous studies which relied on cross-sectional data or were limited to small numbers of children from at-risk populations. Our study population is representative of middle-class Caucasian chil- * Number of children in comparison varies depending on whether a child had studies at both times, t Mean difference is defined as higher age minus lower age where the value of total IgE is in log units. i SD, standard deviation.
dren residing in the midwestern United States. While we did experience substantial loss to follow-up due primarily to families moving from the area, our remaining participants did not appear to differ materially in terms of parents' age and education. It is possible that children born into families with allergic parents or siblings, and therefore a potential inherited tendency towards higher IgE levels, may have differentially relocated to avoid local allergen exposure.
As expected, we found that total serum IgE increased with age. However, there were significant differences in the development of IgE between boys and girls. We were surprised to find that the difference in total serum IgE concentrations between boys and girls was clearly present by 2 years of age. These differences were consistent whether the entire population or only those children with samples at each pair of time points were analyzed. Serum IgE by age irrespective of gender was comparable to other unselected populations reported from Spain (14), Finland (16) , and the southern United States, but was significantly higher in boys than girls at both 2 and 4 years of age, even though the cord blood concentrations of these children had not differed by gender. In Sweden, Hattevig et al. (23) , who studied girls only, reported a mean cord IgE concentration (0.2 IU/ml) similar to the girls in this study (0.19 IU/ml), although the Swedish levels found at 2 and 4 years were relatively lower (6.1 and 8.8, respectively). In a longitudinal study of persons aged 6 years and older in Tucson, Arizona, Sherrill et al. (32) reported that IgE was similar in males and females within their reference group of non-atopic nonsmokers, except in age group 6-20 years, where IgE levels in boys were slightly higher than those in girls. Other studies (10, 14, 15, 24) have suggested that young boys have higher total IgE levels than girls by late childhood. To our knowledge, no data have been reported regarding specific IgE concentrations by gender in young children. As with total serum IgE, the pattern of specific IgE responses also varied by gender in our study population. Between 2 and 4 years of age, there was little change in boys except for an increase in ragweed-specific IgE, whereas in girls there was considerable change with the indoor allergen IgEs increasing and the seasonal allergen IgEs decreasing. As isolated findings, these differences in allergen-specific IgE would be of questionable significance; however, they are consistent with the findings of others showing more allergic disease in boys than girls prior to puberty (33) . We also considered the possibility that these changes in specific IgE levels were caused by technical problems related to the low total IgE concentrations typical of pediatric samples or the transfer technique we employed for the measurements. If technical problems had influenced results, they should have affected samples from boys and girls equally since the samples were not segregated by gender during analysis. Controls run within all assays showed no evidence that the sensitivity of the assays changed over the course of the study (data not shown).
The decline with age in the prevalence of positive tests for some of the specific IgEs was unexpected. Several previous studies (22, 23, 34) have also shown decreasing prevalence of food-specific and aeroallergen-specific IgE during early childhood. These studies have been interpreted by some as evidence of gradual maturation of the immune system resulting in a dampening of IgE responses.
The wide overlap we found in total IgE concentrations between non-atopic and atopic children is similar to that previously reported for older children and adults (7) . While this overlap reduces the diagnostic value of total serum measurements for allergic disease, it is interesting that studies in both children and adults have shown stronger correlations between total serum IgE and asthma than between allergen-specific IgE and asthma. This closer association of total IgE with asthma challenges some assumptions about the relationship between allergic disease and asthma. The association between total IgE and asthma, and our observation that total IgE increases more rapidly in boys than girls during early childhood is consistent with the many previous reports of a higher prevalence of asthma among boys than girls prior to puberty (35) .
Our data indicate that gender differences in the production of IgE are present by 2 years of age. The early appearance of these differences suggests that there are gender-related genetic differences in IgE control. These gender differences in IgE development may be related to the differences in risk factors associated with asthma and differences in the prevalence of asthma between boys and girls. Further analyses of environmental factors that might play a role in IgE development in this cohort are ongoing.
